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Abstract

The behavior of an inhomogeneous superconductor in an external a.c. field
is studied. General equations describing the a.c. response are formulated.
Special attention is paid to the case of a layered conductor containing
superconducting “islands”. A system of this type displays “pseudogap”
properties. The surface impedance Z is evaluated. It is shown that the

ReZ # |ImZ| and their difference AZ <o "?, o is the frequency of the a.c.

field.

|. Introduction.

This paper is concerned with the a.c. response of an inhomogeneous
superconductor. The study is a continuation of the analysis presented in our

papers [1], [ 2] . We have developed a model describing a peculiar state
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which displays normal d.c. resistivity side by side with superconducting
properties such as a gap structure, diamagnetism, isotope effect, loss of

entropy, etc. This state is inhomogeneous , and the critical temperature is
spatially dependent, so that Tc=T¢(r). At temperatures above T¢®S. (T¢res.

corresponds to the transition in the dissipationless state; a detailed
description is given in our paper [1]), the sample contains a set of
superconducting regions (“islands”) embedded in a normal metallic matrix.
An increase in temperature leads to a decrease in the number of such

clusters and a decrease in their size; the picture persists up to an upper
characteristic temperature T.*. The normal matrix provides a finite normal

resistance whereas the presence of the “islands” and the corresponding
gap parameters results in gap structure, diamagnetic moment, etc.
The size of the superconducting clusters depends on

temperature.The clusters appear at the upper characteristic temperature Tc*
and their initial size is of order of the coherence length &o ( for the cuprates

£0=15-20A).This lowest limit is determined by the proximity effect.Indeed,the

superconducting state of the region smaller than the coherence length would be
destroyed by the proximity contact with the normal matrix. As was noted
above,each “island” has its own phase.Decrease in temperature below Tc* leads
to an increase in a number of clusters and, consequently, to an effective increase

in their size.Indeed, the system is inhomogeneous and increase in a number of
“islands” leads to some of them being at short distances (< £o0).This provides the
coupling between them (S-N-S Josephson contact) and as a result, the phase

coherence. Eventually, at T= Tcres. We are dealing with formation of
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macroscopic region with single phase and macroscopic dissipation less
current.

A system of this type will display peculiar a.c. response and,
correspondingly, unusual microwave properties. This forms the focus of the
present paper. Since the "islands" are embedded in a normal metallic
matrix, the proximity effect plays a crucial role ( see [1],[2]) which makes the
situation different from the usual picture of the phase separation when one
deals with a mixture of metallic ( or superconducting ) and isolating
components. Note also that each superconducting “island” is characterized
by its own phase, so that the phase coherent state for the whole sample
exists only for T < T,

Paper [1] contains an evaluation of the density of states (DOS) for
such a system. It is shown there that DOS does indeed display a softening
in the low energy region , and this is a direct manifestation of gap structure.
The diamagnetic response is calculated in [2]; it is shown that, contrary to
conventional case, the system is characterized by splitting of the resistive
and Meissner transitions.

Generally speaking, there are two sources of inhomogeneity. One of
them is a non-uniform distribution of coupling constants (for example,
because of a non-uniform doping) which determines the local values of Tg.
Another possible source is a non-uniform distribution of pair-breakers (e.g.
magnetic impurities; for the D-wave scenario non-magnetic impurities will

also act as pair-breakers). Regions with lower concentration of pair-



breakers have higher values of local T¢ . Both possibilities were considered

in [1] and are studied below.
We think that our approach is directly related to the pseudogap

phenomenon which has been observed in the high T¢ oxides by a variety of

experimental techniques (tunneling [3 - 5], photoemission [6,7], heat
capacity [8], isotope effect [ 9], observation of diamagnetism above T.°°
[10 -12], etc). The same is true for the peculiar surface superconducting
state observed in the Na-doped WO3 compound [13], for the Pb-Ag
compound described in [14], for granular films, etc.

Diamagnetism above T.®* has been detected in undoped
La,.,Sr,CuQ, (T, = 18K) by scanning SQUID microscopy [12]. It is
remarkable that diamagnetic moment persists up to 80K(!). The authors [12]
observe a highly inhomogeneous picture in the pseudogap region and the
temperature dependence of the diamagnetic moment is in good agreement
with that obtained in [2].

As is known, the pseudogap state in the cuprates has attracted a
lot of attention. This state represents a complex phenomenon and can
originate from a number of factors, but we think that the presence of spatial
inhomogeneites observed experimentally by neutron spectroscopy [15, 16],
by STM measurements [17], SQUID STM magnetometry [12] supports our
proposition that the inhomogeneous structure of the compounds plays an
important role. It is interesting to note also that according to
[1, 2], the effects of inhomogeneities are stronger for layered systems than

for bulk materials.



As far as a.c. response is concerned, it is known that in normal metals
the real and imaginary parts of the surface impedance are almost equal.
The situation is entirely different in superconductors (see, e.g., [18]). Below
we evaluate the a.c. conductivity and the surface impedance for

inhomogeneous superconducting systems. We will focus on the
temperature region T¢l'®S.<T<T¢* . As defined above, T¢®S: corresponds to

the transition from the resistive to the dissipationless state, while the gap

structure disappears at T.*.
The values of T.res. and Tc* are different for various systems.For

example, for the underdoped sample of LaSrCuO studied in [12] the values

of Tores.=18K and Tc*=80K (Tc" corresponds to disappearance of

diamagnetic moment).For the underdoped sample Bi2212 studied by

tunneling spectroscopy in [3] T res.=83K and Tc*=200K.

The structure of the paper is as follows. Main equations describing
the behavior of an inhomogeneous superconductor in the a.c. field are
introduced in Section Il. Sections lll, IV contain an evaluation of the
impedance for various types of inhomogenites. The results are discussed in

Section V.

Il. Main Equations.

A. Inhomogeneous superconductor in the a.c. field

Consider at first, a general case of inhomogeneous superconducting
system. To describe such system it is convenient to employ a method of
integrated Green's functions developed by Eilenberger [19] and,

independently, by A. Larkin and one of the authors [20]. This method was
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used to describe thermodynamic and magnetic properties of
inhomogeneous systems (see [21, 1, 2]). In this paper we focus on the a.c.
response of such superconductor. Consider, at first, the case when the
inhomogeneity is caused by a non-uniform distribution of pair-breakers. The
case of inhomoheneous coupling will be described below (Sec. 1V). The

system is described by the equations (see [1], [2]):

(xA—Bcon+(D/2{(xg—?3—B(§r?) =afl (1)
o +lpf =1 (")
A= 22Th] S Blon,) (1)

0250
Here o and f are the usual and the pairing [22] Greens functions
integrated over energy, D is the diffusion coefficient ( we consider a "dirty"
case), [ =T(r)= 1., 1, is a spin-flip relaxation time [23], A is the order
parameter. We are using the method of thermodynamic Green's functions
(see e.g. [24]), so that @, = (2n+1)xT.

We focus on the high temperature region T > T, although T <T..
The order parameter is small so that A<I'+2xnT. As a result, in a first

approximation, the system (1) has a form:

A

B, =LA (2)

a, =1-B2/2 (27)

A=2mT| 3L [A- B, /2 o, B —(D/ 27 /or)] 2)
Here



L=o, +T(@)-(D/2)5 /or’ (3)
Consider an external a.c. field

A(r,7) = exp(—im, DA(r); ¢(r,1) =exp(-io,0)p(r) (4)

(A and ¢ are the vector and scalar potentials, o is the frequency, t is an

imaginary time). As was shown by A. Larkin and one of the authors (see
[25]), in the presence of such field one can write (in the matrix

representation):

G = GO + exp(—iwor)él(t -1); A= AO + AI exp(—imor)

. 5)
A a —ip A &1 ﬁ} N A A ( 0 Al] (
—_— % —_— . A p—y 1 A . A —_—
G (iB o J’ G (—fz g) 9,30 S -A, 0

The quantities f;, g; are satisfied by the relations which can be obtained from

equation for G, (see Appendix) and normalization conditions, and have a

form:

g =—i(Bfr, +B.f,)A."; g =i(B.f, +Bf, )AL

f, = i(Bgl +B.g )A:l; f, = —i(B+g1 + Bgz)A:l (6)

(X+ =O(‘((’0n+(00); B+:B(O‘)n+0)0); Ai=0(,+i0(,

In order to describe the a.c. response, we need to evaluate the

current density; the expression for j can be written in the form [25]:

J=ro | TE A a1 (- 1)L
L1 L e 2 v o
2e S or Yt T 2e S o

i oo,
+;T;(g1 + gz)a}



c is the d.c. conductivity

Performing an analytical continuation (see Appendix) and using Eq. (6) we

obtain:
j =ic5wA1—G%—t—GAl%w'(O.S+Fw/2nT)— ©
—%w'(o.s +T, /ZRT{AO%— A, %Lj

We used also the equation for the scalar potential [25]
2G(P+iﬂTZ:(g1 + gz):O 9)

Finally, one can write out the equation for the order parameter which follows

from Eq. (27)

T rr) io D azJ
| L | 4y 172y 1/2 _do D O 1 =
{I{TJW(/) “’( T anl dnTor) |

/ D
-y [1/2+ L j[eDAlé—A+e—AdivAl}+ (10)
nT 2nT or 2

2
+nT ZAI(OJ,, +Fm)_4(60n —?%]Az +I(o)

©,>0

(o)=-] da(th( 82+T°’J - th(ziTJJW(s)
|:—i0) - Da—2 + Az{ 1 + 1 J:|l[e((p + DdivA )+ (10°)
or’ —ig+T, ie+T, 1

AA, ( | | j eD a&{ | | Jz
+i - +- —-— 4, - —-
2 \—e+TI, ie+T, 4 or\—-ie+I  ie+T,

where

w(e)= 20, A€ +T2) (10”)

Egs.(8) - (10) along with the Maxwell equation:
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rotrotA, +(9°A, /¢ )+ (0 /1)@ / Or = 4mj (11)
form a general total system of equations determining the a.c. response for

an inhomogeneous superconducting system.

B. Superconducting regions in a normal matrix

Let us now focus on the important case of inhomogeneous system
when the normal metal contains a set of superconducting “islands”. In the
region T res.<T< T¢ " the order parameter is different from zero inside of
the "islands" where the concentration of magnetic impurities and,
correspondingly ,the value I'(r), is smaller than in the normal matrix :

I'(r)y=r,_ —-8I(r) ,8I' >0 (12)

Let us denote A the localized state which exists in the potential 3I'(r)
(cf.[1]); [ is the lowest eigenvalue and A is the solution of the equation:
[or@)-(D/2)@ /or )] =-1iA (13)
The solution of the equation (1) for the order parameter can be
seeked in the form A = BA, where A is the normalized eigenfunction for
Eq.(13). With the use of Egs. (1"), (13), we obtain the following expression
for the parameter B =B(T) which determines the temperature dependence

of the order parameter and, correspondingly, the temperature dependence

of the impedance Z (see below, Egs. (26)- (28)).



B =(4n7) [In(7./ T)+ v (0.5+7" )-w (0.5+7)x
<{(D/12n Ty (0.5+7) —u(y' (0.5+7 )+ (14)

Ho 3 05 +7)}
Y=y (M=, -f)/2nT; v =y(T})

H
oe u= Idr&‘, V= Idr(é’&z/arj;

the expression for u and v see in the Appendix.
Eq. (14) is valid if A << T'+xnT. Therefore, for a = ¢, Eq. (14) holds for a whole
temperature range: 77 <T<T".
Near Tc we obtain
B=B(1-T/T.)" (15)

Expression for B can be obtained directly from Eqgs.(14) and (A.6), see fig.2.

1. a.c. Response of the Inhomogeneous Superconductor.
Surface Impedance

A. Order parameter and a.c. conductivity of inhomogeneous
layered system.

Based on Egs. (8) - (11) one can evaluate the a.c. response of the
inhomogeneous superconductor. We focus on the most interesting case of
layered systems. The results for the usual 3D case will be discussed in
Section IV.

Our goal is to calculate the a.c. current for the inhomogeneous
system, see fig. 1. Let us start with Eq. (10). The solution of this equation

can be seeked in the form:
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A=A+ A, (16)

A :2ieZ(Al(r—rj))3j ; (17)

The summation is taken over all “islands” j, A, is the order parameter

of the j-th island in the absence of the field; Al << A}. Substituting Egs. (16),
(17) into Eq. (10) we obtain, after some manipulations, the following
expression for the average value of the a.c. current.

()= icoA, +© /nT)y (0.5+ (T, /2nT))x

{< ;@l(rk—rj))xk(aAj/ar)>+ (18)

+(i/e)<&l(8A/8r)>}

With the use of Eqs.(13), (18), and divj=0 (see Appendix), we arrive at the

following general expression for the current density:
j= ceff.E (19)

where

1 (1 T\ oA Y]
O =G{1 + TA? v \E + ZTET)L_SI%‘K (A1 (r, —rj))Ak [Alal” >—

NCELED SN Jo
DUy (u e-r )|

(20)

c is the d.c. conductivity. We assume an isotopic distribution of the
“‘islands”. The first term in the square brackets describes the overlap
between different "islands". This term contributes to the imaginary part of
the conductivity and, correspondingly, to a difference between the real and

imaginary parts of the surface impedance (see below).
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The second term contains contribution of separate “islands” and
contains their order parameters. This term determines the temperature

dependence of the impedance. It essential to note that the imaginary part in

Eq.(20) contains the w1 dependence. The microwave region which is our
main focus is characterized by low frequency , and the presence of such
factor leads to a large increase in the imaginary term.

Assume that the vector potential is directed along the layers. The

normalized solution of Eq.(13) is:

A=C Jykp) p<p,
21)
A=C Jyp )J—) ;op>p,
0( ’ Ko(tpo)

where p, is the radius of the circle ( “island” ), J,, K, are the Bessel

functions, and
C=(2n)" ¢ (22)

K = [2(6F—ﬂ)/D]/2; t= (2Q/D)1/2,and

0 . 2 (23)
0, = [dpp"Jobep )+ (Uolepo)/ Koty )Y [ dpp”K; (ip)

0 Py

The lowest eigenvalue p can be found from Eq.(13) and is determined by

the equation:

Jilepy)/ Jy(epy )= (1)K (10, ) K, (t0,) (24)
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It is interesting that for the 2D case there will be always a solution even with

small exponential value of p (cf. [26],p. 163 ); it has a form:

g

where y = 0.58 is the Euler constant

22D Jexp(—ZJD/SF /po)

2
Y Po

With use of Egs. (15), (20), and (21) we obtain the following

expression for the a.c. conductivity:

O =0, +i0,
c, = 0{1 +[(1- 4noD)/ DTV ¥ (0.5+ T,/ 2nT)y " B’ (T)C2(p3}
j

o, =(c/2nTVe)¥ (0.5+ T, /2xT) DI, (25)
k. j

Iy = @ 12)0p) Kolipo)) FC(0120)

|3/ 2

Xl’%_’”j

exp(}i 1)

where k, t and C are defined by Egs. (22), (23), V is the volume of the
system; the temperature dependence of the conductivity is determined by
the factor B(T) (see Eq.(14)and fig. 2). It is essential that Eq.(25) contains
only experimentally measured parameters and can be used for an analysis

of experimental data (see below).

Eq.(25) allows to calculate the surface impedance Z, since

1/2

z :(4‘;3—6) exp(in/ 4) (26)
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(see, e.g., [27]). One can see directly from (25), (26) that, contrary to the

usual normal metal, the metallic compound which contains superconducting
“‘islands”, is characterized by strong inequality: ReZ # |[Im Z|. Indeed, for
normal metals the difference is negligibly small and connected with
dependence: 5(0)=0 (1 -iot, ' in our case o1, <<1.

In the temperature region close to T¢, i.e. (T-T¢ )<<T¢, the
expressions for the conductivity ce and, correspondingly, for the

impedance, can be simplified and we obtain:

Re Z = Zn[l -(0./20))]

ImZ=-Z,[1+(c,/25,)] 27)
Here

62/261=(slo)(T¢ -T)

(27)
or

ReZ= —Imz—@“(zsé IT ~T) (28)

Here Z =(w/8ns,)’”. The expression for the parameter s can be obtained
directly from (25), see below, Eq. (32). Near T¢ the concentration of
superconducting “islands”, ng, is small, and the sum in Eq.(25) contains
contribution of nearest neighbors only. As a result, the quantity s depends

exponentially on ns.
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Note that ReZ = |ImZ| at T>T¢ . This can be seen directly from (27),
(28). The inequality ReZ # [ImZ| at T<T¢ is caused by the presence of
superconducting “islands” and is described by the second term in Eq.(28). It
is essential that this term is proportional to » 2. Small value of the

frequency o in the microwave region leads this term to make a noticeable

1

contribution. In addition, the dependence «»"'* can be directly measured

experimentally (see discussion below, Sec. V).
B. Stripe-line “islands”
Consider different geometry of the “islands”, namely the case when

they have the stripe-line shape with a width “a@”. Then one can see that the

impedance has a similar frequency and temperature dependences, although
the numerical factors are different. Indeed, if the dependence I'(r) is such
that its change is equal to oI inside the “island” (cf. Eq.(12)), when the
solution of the equation (13) is

A=A cos(kx) for [x| < a/2

and

A=A cos(ka/ 2)exp(ta / 2)exp(—4x) for |x| > a/2

(the parameters « and t are defined by Eq. (23); we will not write out an
explicit expression for the normalization constant A). The eigenvalue [ is a

solution of the equation:

telea’2) = (H/GT - 1)) (29)
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The value of 1 is not equal to zero for any value of a (cf. [26]) and increases
quickly with increase in a. Indeed 1= «’8T'/2D for small a. Based on
Eq. (20), we obtain, after calculations the following expression (cf. [25]):

G =0{+ By (0.5+T,/2nT)/2nTV x
X [(i/(o )Z (d,{j / t)cos(pij2 cos’(ka/2) exp(—tdkj)x
ki

X sinflcp,g-(l —CosQ,; )_1 ((1 - exp(—bjtsin(p,g. /2))» (30)
— exp(—tdkj cos(pkj(l - cos(p,g-)Xl - exp(—bjtsin(p,{jx/2)(_1 )+

(1-4nsD)12D)" )Z bj}}

where x = sinz(pkj +cosQ,; -
The main contribution to the sum in (30) comes from small angles ¢ ;. The

averaging over angles (we assume an isotropic distribution of stripes) leads
to the result:

6y =0+ By (05+T,/2nT)/ 20TV x
x|(i/m0)C* cos’(a/2)Y d(d, + 1 Yexp(~td,, in(b,2 )+ (30’)
K

+(1 - 4mD)/1zD)be }}

minimum distance between the stripes, and ¢y is the angle between their

axis.

IV. Inhomogeneous distribution of coupling constants. 3D case.

A. Inhomogeneous coupling constant; a.c. responce

As was noted above, the inhomogeneity of the superconductor can be
caused by a non-uniform distribution of pair-breakers or by inhomogeneity
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of the coupling constant A =1 (r). [1]. Above (Secs. Il, lll) we focus on the
inhomogeneity of the pair-breakers, so that the superconducting “islands”
contain relative small number of such scatters and, as a resuilt,
characterized by larger value of Tc. Consider now the case of non-uniform
distribution of the coupling constant. One can show that the a.c. response in
this case is described by relations similar to those obtained above with
some modification of the parameters.

The dependence |A(r)]"' can be written in the form:

A (31)

) =]
where the first term on the right side corresponds to the average value of
the coupling constant. Consider a linear equation which follows directly from

Eq. (27) with L =A(r):
(-

L is defined by Eq. (3).

loA@R-2nr Y LA =iA (31)

®,>0

By an analogy with previous treatment, the solution of Eq. (2"’) can be
seeked in the form A = B, A . We will not write out the explicit expression for
B...

If A is small, its contribution can be treated as a perturbation. Then
the equation for A in a main approximation has a form:

§n (2 T)~($(0.5+ T/ 2nT)) - (0.5))+

+ A1) + (D /4rTY¥ 0.5+ (T /2nT))o* /o' JA = A
As a result, we obtain the expressions for the conductivity ¢ similar to Egs.

(20), (25) with the replacement ji — [i.
17



B. 3D inhomogeneous system

We focused above on the layered inhomogeneous superconducting
systems. This is, indeed, the most important case (see below, Sec. V).
However, one should note that a similar “pseudogap” scenario might occur
for 3D inhomogeneous system. Let us describe also this case. All general
equations (Sec Il) are applicable also for the 3D system. The general
equation for the a.c. conductivity, Eq. (20) is also valid; it contains a sum
over 3D superconducting “clusters”. The normalized solution of Eq. (13) in
this case has a form:

A=(Cyp/ p)OT /(BT - 1)) “exp(-1p, )sin(kp Y p < py )
A=(Cyp/p)exp(-tp ) p>p,
Here pg is the radius of the “cluster”; t and « are defined by Eq. (23); we will
not write out the explicit expression for the normalization constant Cgp.
In the 3D case there is a minimum value of dI" for an appearance of
the eigenvalue, and consequently, for a formation of the superconducting
“cluster”. Namely, the condition (25I'/ D) *p, > n/2 should be satisfied.

Consider the region close to T., where the distance between the

“clusters” is large, so that |rk —rjl >> Pys (D/2£t)”2. Based on Egs. (20), (32),

one can calculate the a.c. conductivity. For the imaginary part , we obtain

the expression (cf. (25))
6, =(c/3nTVo )y (0.5+T, /2nT)x
x {1)/2&)”2 +or@er-p) o, + (oa/2)” /esr]}l x (33)

3D
lek/
r

18



where I = By, - rjlexp[—t n—r|- 2p0):|.

Note that the impact of inhomogeneity of superconducting properties
is manifested much stronger for the layered structure. We will discuss it in
more detail below (see Sec. V). Qualitatevely, it is due to the fact that the
proximity effect which depresses the superconducting state is manifested
much stronger in the 3D case when the superconducting “cluster” is affected
by the normal matrix in all spatial directions. The layering is more efficient
for the “pseudogap” phenomenon.

V. Discussion

We have evaluated the a.c. response (see Egs. (25) - (28)) of an
inhomogeneous superconductor in the pseudogap region (T, < T < T,).
This region is characterized by superconducting “islands” embedded in a
normal metallic matrix.

The surface impedance is described by Eq.(27), (28). The strong
inequality ReZ # |ImZ]| is caused by the presence of superconducting
“‘islands” and is described by the second term in Eq. (28). The frequency
dependence (™) of this term can be measured experimentally. It would be
interesting to carry out such measurements to verify our approach. The
quantity s depends on a number of experimentally accessible parameters,
including geometry. For example, if we assume the values:

Te = 200K, Tc™ = 110K; ', =160K,

1/2 2

p=25¢ &=(D/T.) ", ng=10", o=2r10" s, (34)

we obtain:
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s=4010°s'K" (35)

Measurements of Z for HgBa,Ca,Cus;0g s compound at T > T¢"™®

were
performed in [28]. It has indeed been observed that the slopes of the
temperature dependences are different meaning that ReZ = ImZ. With the
experimentally determined value of the slope, we can calculate the
parameter s, and it turns out to be close to the value (35). This collaborates
our choice of parameters.

We think that a detailed a.c. response study of such materials should
be based on a combination of various properties. For example, one can
employ microwave and tunneling measurements. Indeed, the absolute value
of the real part of impedance, ReZ, can be measured directly. However, this
is not the case for ImZ; only the slope of the ImZ can be measured. This is
sufficient to obtain an essential information. Indeed, if the slopes for ReZ
and ImZ are different, it can be concluded that ReZ # |ImZ|. On the other
side, the tunneling measurements allow one to determine T . By putting
ReZ=|lm4 at T = T¢, and using the slope of ImZ (from microwave data),
one can obtain complete description on the a.c. response. It would be
interesting to perform a.c. measurements and tunneling spectroscopy on the
same sample.

As mentioned above, the presence of superconducting regions
embedded in normal matrix is manifested stronger in layered structure as
compared to 3D systems. Indeed, for the same set of the parameters as for
the 2D case (see Eq. (34)), one calculates that the same value of s requires

the concentration of “clusters” to be on order of 5-107, which is much higher
20



than »,, =107 (see Eq. (34)). Therefore, layering leads to a much stronger
effect.

As far as cuprates are concerned, it is beneficial to use samples with
composition far from the optimum doping. Indeed, according to neutron data
[15, 16], such compound possess intrinsic inhomogeneity which, according
to tunneling data [3 - 5], correlates with the appearance of the pseudogap
phenomenon.

Recent tunneling data [13] indicates that superconducting “islands”
are present in the Na-doped WO3; compound. It would be interesting to
perform microwave measurements for these samples.

Recently studied Pb + Ag system [14] displays a combination of
normal resistance and gap structure. We think that its a.c. response can
also be described by the theory developed here. A more detailed analysis of

this system and of Na + WO; will be described elsewhere.

VI. Summary. Acknowledgments.

An inhomogeneous system containing superconducting regions
(“islands”) embedded in a normal matrix is characterized by peculiar a.c.

transport. Its d.c. conductivity is normal, but the presence of the “islands”
results in the strong inequality ReZ = |ImZ], in sharp contrast with the
situation in normal metals. The difference is caused by an additional term

proportional ® " (Eq. (28)), and smallness of ® has a noticeable impact on
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microwave properties. The analysis of the a.c. response described above is
based on our approach described in [1, 2] and is related to the pseudogap
phenomenon in the cuprates [3 - 12], and to the observed properties of Na +
WO; [13] and Ag + Pb systems [14]. We hope that interesting experimental
studies of the microwave properties of such systems will be performed in
the near future.
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Appendix
1. In the presence of an external a.c. field the Green’s function is presented
by Eq. (5). The correction caused by the a.c. in the “dirty” limit is a solution

of the equation (see [25]):
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~i0.8,G, +i0,G8, +e0(Gy(©,) = G (©,))-A,G,©@,) + G©@.)A, -
~iAB, G JF ~eD4,6.Gy (0,0 / 0rGy(o,) -
~Gy(©,)0 19rGy(®.)3.) ~ eD/ (4G, @ )5 .Gy(®,))— DO 101(Gid 1 Gy ©, )+ Gy(®, P /0rG, )

+(l/ Z)F(r)E;za Glce zéO (('On) + GO (O‘) +)C§ZGAI ]+
+eDG _divA, (4.1)

with use of Egs. (7’), (A.1) and performing an analytical continuation (see

[24], [29]), we obtain:

Jj =icwd, — o4, (A2 /nT)y' (0.5+T,/2nT)-
~(ic /2enT ' (0.5+T, /2nT A@A, /or)-A,(0A/or)]- (A.2)
—(ic /2e)] (o)

l1(w) is defined by Eq. (10’) with the replacement w(g) — o /0r. One can
show also that in a main approximation A, = -A4.

Indeed, consider two regions for the variable o, In the region
| (sign(m, + wg) = sign(wy,) the function f; is the solution of the equation

—i(®, +©,)f +iepB, —B)+A (@, +a)=
= ieDA(adp /o +a.,0B, /or)+ieDo /or{A (o, B + (A-3)
+ap, )= iD /or(a,0f 1 0r) +iT(a, + o )f

The function g4 is determined in this region by the relation
g =i(B. —BXo +a) /.

For the region Il (sign(m, + wg) = -sign(w,), one can write in a similar
way the equation for the function g4. As for the function f,, it can be found as
£ =i, +B ), —0) g, Itis essential that in a whole region we have g; = g;

and f; = -f,. The last relations leads to the relation Ay = -A,.
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Eq. (A.2) contains the potential ¢ which can be excluded with use of
the condition (9). Based on Eq. (7°), (A.2) we arrive at the expression for the

a.c. conductivity (8).

2. With the use of Egs. (10), (13) we obtain

[A 80— (D/2)p’ /or’ —io / 2]A, =
= —2ie DA,(0A/6r)—ieD(divA,)A - (A.4)

~@rT/¥ 0.5+, /2nT))(®)

where |(») is determined by Eq. (10’).
The scalar potential ¢ can be excluded with use of the equation: div j = 0.
As a result, we obtain:

—eD 0°¢ /o =(iew /nT)¥ (0.5+T, /21T)Y (A1 (r— r, ))32/ (A.5)
j

Based on Eqgs. (18), (A.4) and (A.5), we arrive for an isotopic distribution of

the “islands” at Eq. (20).

3. Eqg. (14) contains the quantities u and v These parameters can be
calculated for different cases. For example, for the “stripe” geometry
(see Sec. 3B), one can obtain:

u=[dxd* =(C*/2)Ba/4 +x " sinka+
+(1/8) ' sin2ka + ¢ cos*(0.5¢a)]

. (A.6)
v=[ax(oR /8r)2 = ¢ {rcost (wa/2)+

+( /2)[a—0.5sin(2xa) [}

The quantities C, k, t are defined by Egs. (22), (23).
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Based on Eqgs. (13), (21), one can calculate these quantities for the
2D “islands”. For example, if we consider the case with parameters,

(see Eq. (34)), we obtain v=0.067, v=9-10"¢".
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